Net erosion rates of carbon target plates have been measured in situ for the DIII-D lower divertor. The principal method of obtaining this data is the DiMES sample probe. 
Introduction
Net erosion of plasma facing materials (PFM) is one of the most important problems to solve in designing power producing magnetic confinement devices (tokamaks, stellarators, etc.) . In tokamaks, the inherent poloidal asymmetry in plasmamaterial interactions (PMI) caused by the use of poloidal divertors concentrates particle flux, and therefore the regions of wall erosion outflux, onto a relatively small surface.
High net erosion rates will lead to two or three operating limits in a steady-state device: 1) Plate lifetime, determined by the peak rate of net erosion.
2) Codeposited tritium inventory limits (for safety and fuel inventory) found in regions of net redeposition is determined by the poloidally integrated net erosion rate.
3) Core plasma impurity contamination, which limits power output due to fuel dilution and radiation losses, is also driven by the poloidally intergrated net erosion.
However, because the first two issues stated are of no concern in short pulse, present day machines, dedicated experiments to study and control net erosion have been less common that experiments dealing with wall "conditioning" (e.g. reducing PFM gas recycling, etc.) and plasma impurity contamination.
Laboratory and tokamak erosion experiments have mostly focussed on obtaining physical and chemical sputtering yields for candidate materials, but these yields only address a portion of the net erosion problem, since it is strongly affected by the redeposition and transport of the materials. This redeposition is mostly determined by the incident plasma properties (e.g. mean free path of ionization). The net erosion is further complicated by the redeposition back to the material leading to highly efficient selfsputtering. Finally, the 2-D transport of the impurities in the tokamak core /SOL play a role in the poloidal "re-arrangement" of impurities, and hence in the net erosion. These phenomena interact in a complex manner, making in situ measurements of net erosion necessary. This paper will describe a campaign to measure the net erosion hedeposition rates in the divertor of the DIII-D tokamak under several operational conditions. The principal
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tool for this study is the DiMES sample probe [I] . Dedicated experiments are designed to carefully control and diagnose the sample exposure to allow comparisons between the sample's net erosion measurements, other erosion measurements (e.g. spectroscopy for gross erosion), the core plasma's impurity concentration and modeling of the erosion. It will be shown that: typical divertor net erosion rates in DIII-D would be unacceptable in a steady-state devices (> 10 cdyear), outer strike-point (OSP) net erosion can account for the source of carbon that accumulates in a low densityhecycling ELM-free discharge, "leading edges" of PFMs have very high net erosion rates and contribute significantly to hydrogenic codeposition. Preliminary results show that divertor "detachment" eliminates the carbon net erosion and reduces the heat flux a factor of 5-10 at the OSP compared to an attached divertor with the same input power.
Experiments
The experimental method for measuring net erosion with DiMES has been previously described [2,3] and is briefly described here. A graphite sample is inserted whose surface is flush to the tiles of the DIII-D lower divertor, which are also graphite (ATJ), making the sample a part of the floor. The divertor plasma geometry and outer strike-point (OSP) position is controlled during the discharge to expose the 50 mm diameter DiMES sample only to steady-state divertor plasma conditions. Samples are exposed to several discharges (typical total exposure is 10-20 seconds). Identical non-exposure discharges with slow radial sweeps of the OSP provide detailed radial profiles of divertor plasma parameters (electron density and temperature (ne, Te), ion flux (Ti), tile temperature, incident heat flux (q), etc.). Pre and post-exposure ion beam analysis (IBA) of the Si depth marker implanted in the graphite samples determined net erosioddeposition to ? 10 -~41.
Net and gross erosion rates: low power, attached OSP
The OSP region net erosion has been studied in two case of low recycling, low density divertor plasmas: I ) ELM-free H-mode, 2) ELMy H-mode. The plasma parameters for these discharges are: Pinj -2.5 -3 MW, I, -1.4 MA, n,,osp-1 . 2~ 10'' m-3, Te,OSP -45-70 eV, Ti -3x10 s m-2, q -0.7 MW.m-2, field line angle of incidence, 8 -2". As previously reported [5, 6] An absolutely calibrated CCD camera, equipped with an interference filter, measures the radial profile of the brightness, B, (photons s' 1 m -2 sr' 1 ) of a C" (CII -5140 A) spectral line for Case 1 (Fig. 1) . Using the collisional-radiative (CR) excitation model from [9] and recommended ionization rates [lo] , the ionizatiodphoton ratio (SXB) is calculated for the experimental T, and n, profiles. Assuming that all C" ions are ionized in the field of view (poloidal ionization mean free path, MFP < 10 mm at OSP), then 47c.B.SXB gives the gross carbon influx into the divertor plasma. Results shows that near the OSP the measured carbon influx matches W E P modeling that includes oblique incidence and self-sputtering. The effective sputtering yield (YeE = carbon outflux / incident particle flux) is 10-20%, about four times larger than would be expected with normal incidence D, and no self-sputtering [5]. This results also shows that physical sputtering dominates over chemical sputtering (Tplate -100°C, Ychem -1-2 %) for these high plasma temperature, low flux divertor regime. The SXB technique is questionable for T, < 10 eV (i.e. 30-40 mm from OSP), because the ionization MFP becomes too long (see relative error in Fig. 1 ).
The fact that models and experiment agree for both the gross and net erosion gives greater confidence that the model is correctly treating the near surface transport of the sputtered carbon. The sputtered carbon apparently has a prompt (or local) redeposition efficiency 2 80-85% near the OSP (from ratios of net to gross erosion). The modeling has also supported the experimental observation that ELMS played a minor role in the time averaged erosion rates for these cases, principally because of the ELM'S short duration (0.5 ms) and low duty factor (-3%).
2.2
Core plasma carbon accumulation in ELM-free plasmas
In Case 1 described above, the net loss rate of carbon from the OSP region can be calculated using: the measured net erosion rate w e ) , the width of the net erosion region (A& -0.02 m), the carbon atomic concentration (m -1 . 2~ 1 029 m-3) and the assumption of toroidal symmetry for the erosion (at the DiMES radial location of R=l.48 m). Note that the erosion is toroidally uniform on the plasma-facing portion of the DiMES sample [3] ). This gives dNcwbon/dt = Ve Ar 27cR nc -7 x 10'' f 1.5 s-' and a corresponding contribution to the electron inventory from ionization Of Z(=6).dNcmbon/dt -4 . 2~ 1 O2' f 1 .O s'l. The inventory of electrons in the core plasma is measured by Thomson scattering and the carbon inventory is measured by multi-chord charge exchange recombination (CER) spectroscopy [2, 11] . The initial rapid increase in density particle confinement and density during the ELM-free phase is caused by the higher particle confinement time of the ELM-free period (Fig. 2) . After 200 ms the density increases linearly with time. This increase is mostly due to the increasing carbon inventory in the core plasma, which is contributing Z=6 electrons for each carbon ion. The constant carbon source rate from the OSP region can account for the majority of this carbon accumulation rate, and hence the lack of density control, in the core plasma during the ELM-free period. Of course, this is not conclusive proof that the carbon in the core is from the OSP, since other poloidal location's net erosion is not measured. However, the fact that the carbon ions leave the OSP region as ions, near the separatrix, supports the idea that they would transport into the core SOL and eventually into the core plasma. This exerts a net force away from the divertor plate (as opposed to frictional forces that tend to push the ions toward the plate) on the carbon ions that reside 10-20 mm's poloidal distance off the plate.
OSP net erosion: Attached vs. detached plasmas
The use of divertor detachment in reducing the heat flux to the divertor plates is well established on DIII-D [15] and elsewhere [16] . A set of experiments was performed to assess the effect of divertor detachment on carbon net erosion rates at the OSP. The OSP net erosion was measured in plasma discharges with identical injected power (Pij -7 MW) , plasma current (I, -1.4 MA), geometry (single lower divertor, no pumping) and confinement (ELMy H-mode, stored energy -1 MJ). In the detached case, a programmed D2 gas injection (-100 Torr-Us) was used to increase the plasma density to ne -1 x 1 O2' m-3 from its "natural" value of n, -4x 1 Oi9 m 3 in the attached case. The resulting differences in the OSP plasma parameters are shown in Fig The attached case shows a toroidal pattern of depositioderosion similar to those previously reported at these plasma conditions (i.e. attached, 2 MW/m2). The cause of this pattern was speculated to be a toroidally localized, enhanced erosion source caused by a 0.1 mm height misalignment between the DiMES sample and the toroidally adjacent (downstream) tile. However, the misalignment was rectified for the current experiment
The DiMES sample was placed in a rooftop style alignment, with the toroidally adjacent tiles being -0.5 mm higher (upstream) and 0.5 mm lower (downstream). The persistence of the pattern (although the quantity of redeposition is reduced with the new alignment)
suggests that ELMS are the principal cause of the localized erosion source via ablation at the tile gap (-3-5 mm) between the sample and the downstream tile (see 2.5 for details).
Nevertheless, the radial profile of the minimum erosion rate for the flat surface (Fig. 3) can be measured at the toroidal location on the sample where the least "interference" from the localized source is expected. This toroidal position (about 10 mm upstream from the center) is the furthest away from the downstream tile, yet not in the region shadowed by the upstream tile (which is also a region of net redeposition [6, 18] ) or the metal films. This shows that the peak net erosion rate is -10 -12 nm/s for the carbon just inboard of the OSP in the attached case.
In the detached case the OSP net erosion is eliminated and the OSP becomes a region ofnet redeposition, with the build-up rate being -1.5 nm/s (Fig. 3) . As opposed to the attached case the redeposition exhibits toroidal uniformity on the sample. At these cold plasma temperatures and incident particle energies, chemical sputtering is the only expected source Of erosion to examine the expected and measured chemical erosion rates and their impact on the sample erosion. Table 1 .
L
The minimum expected redeposition rate from sources external to the divertor can be estimated from the core concentration of carbon as measured by CER (fc =0.015 at r/a > 0.8). Carbon ions transported along the SOL from the core will begin to be "depleted" via recombination to the neutral state when T, 5 2 . 5 eV (i.e. Sion < S,,,). For the detached case this occurs -0.1 m poloidal distance from the plate. Measurements show that at the separatrix -80% of the ion flux recombines through this region. Therefore, one expects the vast majority of this "external" carbon to impinge as neutrals at the divertor plate (since carbon recombines more efficiently that deuterium at these temperatures). Using the DTS measured ion flux above the recombining plasma of -1 .Ox 10 separatrix and fc, gives Tc -1.5~10 s m-2. This carbon ion flux is "re-distributed" to the floor due to their roughly isotropic spatial distribution after recombination. The flux to the sample's 50 mm width (using the flux surface and outer divertor geometries) is reduced a factor -6-1 2 (compared to the upstream flux), giving an expected carbon ). The models show that -50% of the carbon released as hydrocarbons OSP wall will dissociate through the CD radical state. Previous measurements of the dissociations (or molecules) per photons (DXB) for the CD 4300 8, band gave DXB -100 at Te-10 eV for methane injection [22] , in which case all the molecules will dissociate through the CH phase. Therefore, this rate is adjusted to reflect the 50% CD state probability from the modeling in order to give DXB (molecules/ CD4300~ photon) -200. There is a concern for the validity of this rate at the low Te -1-2 eV found in the detached plasma. However, at Te-10 eV, the CX and DR rates are roughly double the dissociation / ionization rates via electron impact collision [23, 24] and would dominate the break-up and excitation process in [22] . Indeed, the measured DXB has a very weak Te dependence below 20 eV. Therefore, the spectroscopic upper limit on carbon out-flux from the plate is rCarbon < 4.n-B DXB - Table 1 Upper limit on total chemical sputtering yields ( ion / neutrals) from the detached OSP erosion experiment.
In the attached case, a 100 nm thick tungsten (W) film (3 mm toroidal extent)
shows a significant erosion rate (-2 d s ) outboard of the OSP and is apparently caused by arcing. The W erosion is co-incident with the radial presence of the arc tracks on the W film [6] . Also, the post-exposure changes in the Rutherford backscattering spectra off of the W are consistent with the removal of the entire thickness of the W over a fraction of the film's surface area (presumably caused by the arcs) rather than a uniform reduction in thickness that would be caused by "normal" sputtering. No arc tracks were found on the W film after the detached plasma exposure. 
Privateflux erosion
The PFM that resides in the private flux (PF) region of the divertor is of interest in erosion and impurity studies. Although plasma flux to this wall region is weak compared to the strike-points, it represents a comparatively large surface area. Incident particle distribution is mostly dissociated hydrogenic neutrals (incident energy, Ei -1-2 eV) and charge exchange neutral flux (Ei > 10 eV) from the X-point and divertor leg plasma.
Sputtered carbon from the PF has better geometric access to the X-point region, and therefore could play an important role in determining the carbon content of the core plasma.
A depth marked graphite DiMES sample was exposed for 28 seconds (-300 OK surface temperature) in the PF regiort-during a radiative divertor experiment on DIII-D.
These lower single-null discharges (Pinj -8MW) have the OSP placed at the lower pump entrance (R-1.68 m) and a large D2 gas injection (> 200 Torr L/s) at the midplane, in order to induce SOL flow. This is meant to enhance divertor compression of argon gas that is injected into the divertor through the PF region. This results in a highly radiative (Fig. 4) . A fixed position Langmuir probe provides the plasma parameters at the sample: n, -2 .
The PF region is characterized by large neutral densities and fluxes as measured by two diagnostic methods. The first uses a manometer pressure gauge that samples the neutral influx into a vertical port situated at the DiMES radial location (at another toroidal location). By using the DEGAS simulation result [27, 28] that the majority of PF pressure is due to dissociated deuterium atoms (E -2 eV, from Franck-Condon dissociation of D2), their flux to the floor can be derived from the average measured pressure (P -15 mTorr), to give To cc P E-"2 -1 .O f 0.3 x 1 023 m-2 s-l. The neutral flux emanating from the PF region is also proportional to the D, brightness measured at the outer divertor leg (Fig. 4) . The measured D, brightness (-3x lo2' photons s-' m-2 sr-') is converted to incident flux using an ionizatiodphoton (SXB) ratio of 40 f 10 giving To = 4n.B.SXB -1.5f 0.4 x1023 m' 2 s-'. The SXB ratio is calculated using a CR atomic model [29] for the excitation and ionization rates and simulating the emissions from 2 eV incident deuterium neutrals along the line of sight using the plasma density and temperature profiles. The two techniques agree within uncertainties and both increase linearly when the D2 gas injection is increased. Therefore, the incident neutral flux to the sample is at least two orders of magnitude larger than the ion flux and the neutral density in the PF nO, pF > 5x10'' m'3.
IBA analysis of the Si depth marker indicates a radially uniform net redeposition -24 f 3 nm for the carbon. This is equivalent to a net redeposition rate
Therefore, the PF wall is a net sink far carbon under these conditions. If one expected only net erosion caused by neutral chemical sputtering, the sensitivity of this experiment to chemical erosion yield is Y < 2~1 0~. . It is useful to examine the fate of chemically sputtered hydrocarbons in the PF region. Thermal hydrocarbon will undergo charge exchange with the D+ (= n, -2x10'' m") at a rate of (ov) -1 x10 m s [23] , resulting in a MFP of ionization of 25 rnm (< X-point height) in the PF region. These will rapidly undergo CX back to the neutral state due to the high background D neutral density (no -5 x 1 019 m-3) but with an isotropic spatial re-distribution caused by their gyro-motion as an ion. Therefore, one would roughly expect that at least half of the CH released from the PF wall will redeposit back to the PF wall and half will impinge on the divertor plasma, dissociate and radiate in the CD band (:.DXB -200, see 2.3). The CD (4300 A) molecular band brightness is below detection limit for the viewing chord looking at DiMES and intercepting the outer divertor leg (Fig. 4) . This implies that the net chemical . However, this source would result in a molecular flux into the divertor leg/X-point plasma due to the CX process previously described. Therefore, this source of redeposition is less likely but possible, since the flux limit of detection from CD band spectroscopy (4 x 10'' m-2 s") is just less than the net redeposition rate (7 x 10'' m s ).
The experiments measuring OSP erosion (Sec. 2.1,2. 3) keep the sample in the PF (-1.5 seconds of ohmic plasma per exposure shot) until steady-state divertor conditions are achieved. However, during these times the neutral and ion flux is 5 -10 times lower than in the PF erosion experiment describe above, resulting in a net redeposition rate < 0.1 d s , which is within the uncertainty of the OSP erosion results.
Leading edge erosion
The presence of leading edges (a PFM surface that intercepts parallel heat flux) is known to create impurity problems (e.g re-designed tile geometry for JET [3 11). A DiMES sample with an 0.7 mm vertical lip was exposed to the OSP of an ELMing Hmode plasma (Pinj -7 MW, Te, OSP -30 eV, n, -5x10" m-3, q -2 MW/m2, 0 -2") for 0.5 seconds in order to study dust production caused by erosion [32] . Parallel heat flux -50
MW/m2 wetted an area of 14 mm2, which thermal analysis shows reached a temperature showed that roughly 0.5 g of the total 1 g of codeposited deuterium in the lower divertor was found in the tile gaps. Using the,-DiMES measured codeposition rate and DIII-D leading edges predicts a codeposition rate of -0.5-1 g. Therefore, the high erosion rate caused by leading edges is a plausible explanation for the high percentage of carbon and hydrogenic redeposits found in tile gaps.
m2.
Discussion
The suppressed net erosion at the OSP during divertor detachment is encouraging.
However it should be noted that in the detached divertor, the peak in the ion flux is actually outboard of the OSP, and may be the region of net erosion at the outer divertor (as suggested by the trend of lower redeposition at the outboard side in Fig. 3) . Future experiments will address this issue.
The consistently low chemical sputtering yields inferred from these experiments (by spectroscopy and erosion) could be due to a combination of factors: relatively cold plate temperatures (I 350 OK), efficient redeposition of hydrocarbons due to the sonic plasma flow directed to the plate in detached plasmas [34], and high flux (Y oc r-'.'). The lack of experimentally measured CD (4300 A) DXB ratios at low plasma temperatures (Te < 10 eV) is also of concern, where unknown breakup mechanisms for the hydrocarbons may reduce the expected CD emission.
A summary of the OSP carbon erosion experiments is shown in Fig. 5 .
Apparently, carbon's net erosion rate consistently increases with the incident heat flux for attached plasma conditions. Note that even at modest q (< 1 MW/m2) the attached OSP has a net erosion rate that would seem unacceptable for a steady-state device (> 10 cdyear) since the typical plate thickness is -1-3 cm for heat conduction. The erosion rates from a long term (9 month) exposure of lower divertor tiles [ 11 have been included.
These have greater uncertainty due to lack of plasma consistency over so many discharges (-1400 lower diverted shot).
The presence of such a large erosion rates (and corresponding codeposition) at leading edges is also of concern. Rooftop alignment of tiles eliminates leading edges but leads to areas of large redeposition in shadowed areas, and decreases the effective divertor area. Operational experience in DIII-D has found that placing the OSP in new poloidal locations, or reversing the magnetic orientation (and hence finding "new" leading edges), leads to enhanced carbon impurities until sufficient "conditioning" of these edges occurs over several shots. This is consistent with the observation that the typical leading edge is 2 0.1 mm, and would erode at a rate -0.01 mm/s (Section 2.5), therefore taking 10's of seconds (or several shots) to rectify. Net rate of change for carbon plate thickness (Vcarbon) vs. peak incident heat flux, q for
DiMES erosion experiments at the OSP.
